Flavonoids are widely distributed in plants and are ingested in considerable amounts with food. More than 5,000 different naturally occurring flavonoids have been described so far. They have been proposed to have beneficial effects on human health based on their anti-inflammatory, antioxidant, vasodilatory, anticancerigenic, and antibacterial properties (for reviews, see references 3, 12, and 21). Although it is known that human intestinal bacteria play a significant role in the degradation of flavonoids (22) , there is a paucity of information on the species involved, their distribution in humans, and the mechanisms of degradation. So far, Clostridium scindens (30) , Clostridium orbiscindens (30, 31) , Eubacterium desmolans (30) , and Eubacterium ramulus (24) , all isolated from human fecal samples, are known to convert flavonoids. However, only E. ramulus (24) was further characterized with respect to its potential to degrade flavonoids, the pathways of conversion of flavonoids, and the organism's distribution in humans.
In this study, quercetin-degrading fecal isolates were identified as C. orbiscindens, whose ability to degrade flavonoids was first described by Winter et al. (30, 31) but not analyzed in detail. Therefore, the C. orbiscindens strains isolated were tested for their range of flavonoids converted and the degradation pathways that were employed. Population levels of C. orbiscindens in 10 human subjects were determined.
MATERIALS AND METHODS
Media and growth conditions. For cultivation of C. orbiscindens strains I1 to I6, which were isolated in our study, the anoxic techniques of Hungate (14) and Bryant (7) were applied. Cultures were grown under strictly anoxic conditions in 16-ml tubes and were fitted with butyl rubber stoppers and screw caps. The tubes contained 10-ml Wilkens-Chalgren anaerobe (WCA) broth (Oxoid, Basingstoke, United Kingdom). The cultures were incubated overnight at 37°C under a gas phase of N 2 and CO 2 (80:20, vol/vol). For cultivation on plates, WCA agar (Oxoid) was used. Plating of the cells was carried out in an anaerobic cabinet (model MK 3; DW Scientific, Shipley, United Kingdom), and the plates were incubated in anaerobic jars (Merck, Darmstadt, Germany) at 37°C for 48 h.
Chemicals. The flavonoids and their respective glycosides were purchased from Roth (Karlsruhe, Germany), except for genistein and daidzein, which were obtained from Acros Organics (Geel, Belgium). Phloroglucinol, 3,4-dihydroxyphenylacetic acid, 3-(3,4-dihydroxyphenyl)propionic acid, 3-(4-hydroxyphenyl) propionic acid, and 1,6-diphenyl-1,3,5-hexatriene were purchased from Fluka (Deisenhofen, Germany).
Isolation of quercetin-degrading bacteria. For the isolation of quercetin-degrading bacteria, the fluorescence-quenching test (26) Ϫ7 to 10 Ϫ9 were streaked on the membranes, and the membranes were incubated under anoxic conditions at 37°C for 48 h. Five plates were inoculated for each dilution. For detection of fluorescence, the plates were inspected with a UV lamp (wavelength, 365 nm; BioMérieux, Nürtingen, Germany).
Degradation experiments. The degradation experiments were carried out in 16-ml tubes fitted with butyl rubber stoppers. The tubes contained 9.8 ml of WCA broth and a gas phase of N 2 and CO 2 (80:20, vol/vol). An aliquot of 100 l from a stock solution of luteolin-3-glucoside, luteolin-5-glucoside, naringenin-7-neohesperidoside (naringin), quercetin-3-glucoside, quercetin-3-rutinoside (rutin), phloretin-2Ј-glucoside, luteolin, apigenin, eriodictyol, naringenin, genistein, daidzein (all at 50 mM concentrations), quercetin, taxifolin (both at concentrations of 50 and 100 mM), or phloretin (10 to 60 mM in 5 mM steps) in dimethyl sulfoxide was added to the medium under anoxic conditions. The media were inoculated with 100 l of an exponentially growing culture of C. orbiscindens and incubated at 37°C. Samples of 400 l were taken immediately after inoculation, hourly from 2 to 12 h and at 24 and 48 h. The samples were centrifuged at 12,000 ϫ g for 5 min, and 100 l of the supernatant was subjected to high-performance liquid chromatography (HPLC) analysis. The pellets were each dissolved in 400 l of methanol to analyze flavonoids and their products that precipitated in the pellets. The resulting solutions were centrifuged at 12,000 ϫ g for 5 min, and 100 l of the supernatant was analyzed by HPLC.
HPLC.
The flavonoids and their aromatic degradation products were determined by HPLC in the reversed-phase mode according to the method of Braune et al. (5) . Methanol and 2% aqueous acetic acid served as the mobile phase and were used to form gradients as follows: from 5 to 30% methanol in 20 min, from 30 to 50% methanol in 5 min, from 50 to 65% methanol in 5 min, 65% methanol maintained for 5 min, and from 65 to 100% methanol in 7 min. The flow rate was 0.8 ml min
Ϫ1 . For analysis of the apigenin and luteolin degradation and the separation of naringenin and phloretin, the above-mentioned conditions and the following gradients were applied: from 5 to 50% methanol in 10 min and from 50 to 60% methanol in 20 min, followed by 2 min at 100% methanol.
The intermediates and products observed in the flavonoid degradation experiments were identified by their retention times and their UV spectra in comparison to those of reference substances by using HPLC with a UV diode array detector.
Identification of bacterial isolates. The six isolates I1 to I6 were identified by comparative 16S rRNA gene sequence analysis. The analyses were performed in the laboratory of M. D. Collins, University of Reading, as follows. The 16S rRNA genes of the isolates were amplified by PCR as described by Hutson et al. (15) . The PCR products were purified using a Prep-A-Gene kit (Bio-Rad, Hercules, Calif.) according to the manufacturer's instructions. They were directly sequenced using a Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems, Foster City, Calif.) and an automatic DNA sequencer (model 373 A; Applied Biosystems). The closest known relatives of the isolates were determined by searching the EMBL and GenBank databases with the FASTA program of the Genetics Computer Group package (9) .
Design and validation of a species-specific oligonucleotide probe. An oligonucleotide probe (S-S-C.orb-0179-a-A-18 [hereinafter abbreviated to C.orb0179]) targeting a hypervariable region of the 16S rRNA from C. orbiscindens was designed by using the Arb software package (29) , the Check-Probe function of the Ribosomal Database Project software package (18) , and the EMBL database. Table 1 depicts an alignment of probe C.orb0179 and the 16S rRNA target sequences of C. orbiscindens and related organisms. The dissociation temperature of C.orb0179, determined according to the method of de los Reyes et al. (8), was 48°C.
C.orb0179 was checked for its specificity towards the target organism by whole-cell in situ hybridization with the target organism and 100 intestinal strains of human or animal origin (28) . All bacterial species used for specificity testing were grown at 37°C under strictly anoxic conditions in a complex medium with N 2 and CO 2 (80:20, vol/vol) as the gas phase or on Columbia blood agar plates (BioMérieux) in anoxic jars. For whole-cell in situ hybridization, the bacteria were fixed as described by Roller et al. (20) and Amann et al. (1) . The fixed bacteria were hybridized on silanized, Teflon-coated microscopic slides with probes whose 5Ј ends were labeled with Cy3 according to the procedures of Roller et al. (20) and Schwiertz et al. (28) . As a positive control, an equimolar mixture of five Bacteria-specific probes (Eub338, Eub785, Eub927, Eub1055, and Eub1088) (16) was used. The fluorescing cells were viewed with either an Optiphot-2 (Nikon, Düsseldorf, Germany) or an Axioplan-2 (Zeiss, Jena, Germany) microscope equipped with filters for epifluorescence microscopy.
Quantification of C. orbiscindens organisms in fecal samples. To determine the occurrence of C. orbiscindens in humans, C.orb0179 was applied to fecal samples. Fresh fecal samples were collected and fixed according to the method of Schwiertz et al. (28) from 10 healthy volunteers of both sexes aged 31 to 57 years who consumed a Western diet and had not received antibiotics for at least 6 months prior to the study. The cells detected with the C.orb0179 probe were enumerated and related to the bacteria detected with the Bacteria-specific-probe mixture. The cell counts of C. orbiscindens obtained by whole-cell in situ hybridization were compared to the plate counts calculated from the fluorescing colonies identified by the quenching test.
RESULTS AND DISCUSSION
Isolation of quercetin-degrading bacteria. For the isolation of quercetin-degrading bacteria, the fluorescence-quenching test was applied (26) . Agar plates equipped with nylon membranes, quercetin (structure in Fig. 1) , and DPH were incubated with dilutions of human feces. After 48 h of incubation at 37°C, the agar plates were observed under UV light. Plates inoculated with fecal dilutions of 10 Ϫ8 and 10 Ϫ9 showed several fluorescing spots with a diameter of approximately 1 cm (Fig. 2) . Although no distinct colonies were observed within these fluorescing zones, bacteria could be isolated as follows. The centers (5 by 5 mm) of the fluorescing areas were cut out of the filter with a sterile scalpel under anoxic conditions and transferred to WCA broth. The steps comprising the spreading of cells on plates with nylon membranes, the excision of the centers of the fluorescing areas, and the transfer of the excised filter pieces to WCA broth were repeated until the isolates were pure cultures. Six isolates were obtained by this procedure.
Identification of the isolates. All six isolates (I1 to I6) formed white colonies on WCA agar. The rod-shaped bacteria (1 to 2 m in length) stained gram positive and formed short chains. They were strictly anaerobic and formed subterminal spores. The identification was accomplished by comparative 16S rRNA gene sequence analysis in which four of the unknown isolates displayed 100% similarity and two of the isolates showed 99% similarity to the 16S rRNA gene sequence of C. orbiscindens (DSM 6740). The phenotypic properties of the isolates mentioned above were in good agreement with the description of this species by Winter et al. (31) .
Degradation of quercetin by C. orbiscindens. The degradation experiments were carried out with C. orbiscindens strain I2. Growing cells of C. orbiscindens I2 converted 0.5 mM quercetin in 6 h completely to a single product (Qu1) (data not shown). The retention time of Qu1 in HPLC analysis was 12.3 min, and the UV spectrum revealed maxima at 237.8 and 286.0 nm. By comparison with the commercially available standard, the compound was identified as 3,4-dihydroxyphenylacetic acid. At a concentration of 1 mM, taxifolin (structure in Fig. 1 ), an intermediate in quercetin degradation by E. ramulus (5), was degraded to 3,4-dihydroxyphenylacetic acid and an additional compound (Ta1) (Fig. 3a) . Ta1 had a retention time of 18.6 min and a UV spectrum with maxima at 235.6 and 295.0 nm. It was identified as alphitonin (structure in Fig. 1 ) by comparison with the pure substance. Since alphitonin is not commercially available, the purified intermediate of taxifolin degradation by E. ramulus, identified previously by nuclear magnetic resonance analysis as alphitonin (5), was used as the reference. Alphitonin was not detected during the transformation of 0.5 or 1 mM quercetin. The time course of the degradation of 1 mM taxifolin is shown in Fig. 4a . At a concentration of 0.5 mM, taxifolin was completely transformed within 5 h to 3,4-dihydroxyphenylacetic acid but alphitonin was not detected.
C. orbiscindens was isolated by Winter et al. (30, 31) and was reported to be capable of flavonoid ring cleavage. However, Winter et al.'s investigations on flavonoid degradation were limited to identifying the end products of the degradation of quercetin, kaempferol, and naringenin as 3,4-dihydroxyphenylacetic acid, 4-hydroxyphenylacetic acid, and phenylacetic acid, respectively (30). Our investigations described here revealed that C. orbiscindens I2 apparently follows the same pathway for the degradation of quercetin as that described for E. ramulus (5) . The initial reduction of the double bond in the 2,3 position of quercetin results in the formation of taxifolin (Fig. 1) . The following ring contraction to the identified isomeric alphitonin probably occurs by a ring-opening recyclization mechanism via a chalcone or diketone structure. This reaction may either be catalyzed enzymatically or take place spontaneously. The ring contraction to alphitonin leads to a benzylic CH 2 group, which finally occurs in 3,4-dihydroxyphenylacetic acid. The hydrolytic opening of the five-membered ring of alphitonin leads to the formation of phoroglucinol and 3,4-dihydroxyphenylpyruvic acid (unpublished results). The ensuing steps, which yield 3,4-dihydroxyphenylacetic acid, are postulated to follow the wellknown reactions of the bacterial phenylpyruvic acid breakdown in the course of phenylalanine degradation (11, 25) . Degradation of apigenin and luteolin by C. orbiscindens. Growing cells of C. orbiscindens I2 converted a 0.5 mM concentration of the flavone apigenin (structure in Fig. 1 ) to two intermediates, Ap1 and Ap2, with retention times of 21.3 and 20.8 min, respectively (Fig. 3b) , and a final product with a retention time of 13.9 min (Ap3), detected by HPLC analysis after 5 h of incubation. The time course of apigenin degradation is depicted in Fig. 4b . Ap1 was identified as phloretin (structure in Fig. 1 ) by comparison of its retention time and UV spectrum (maxima at 234.6 and 294.7 nm) with those of the commercially available standard. Comparison of the retention time of Ap2 with that of the reference compound revealed that it is identical to naringenin (structure in Fig. 1 ). Using the same procedure, Ap3 was identified as 3-(4-hydroxyphenyl) propionic acid. Ap3 and the corresponding standard had identical UV spectra, with maxima at 234.5 and 281.6 nm.
Growing cells of C. orbiscindens converted 0.5 mM naringenin to 3-(4-hydroxyphenyl)propionic acid. Phloretin was de- The conversion of luteolin (0.5 mM) (structure in Fig. 1 ) yielded one intermediate with a retention time of 18.0 min (Lu1) and an end product with a retention time of 11.6 min (Lu2) (Fig. 3c) . The time course of luteolin degradation is shown in Fig. 4c . Comparison of retention times and UV spectra of Lu1 with maxima at 234.9 and 293.9 nm and of Lu2 with maxima at 236.9 and 286.0 nm with those of the commercially available standards led to their identification as eriodictyol (structure in Fig. 1) and 3-(3,4-dihydroxyphenyl) propionic acid, respectively.
Growing C. orbiscindens cultures also converted 0.5 mM eriodictyol to 3-(3,4-dihydroxyphenyl)propionic acid. Phloroglucinol, a proposed intermediate in flavone and flavonol degradation by E. ramulus (24) , was shown to be degraded by growing cells of C. orbiscindens within 7 h of incubation.
The resulting intermediates and products observed in flavone transformation by C. orbiscindens support the hypothetical degradation pathway of flavones described for E. ramulus 23) . Presumably, the double bond in the 2,3 position of the aglycon is reduced in a first step to a flavanone as shown in Fig.  1 . Subsequently, an isomerization to the corresponding chalcone structure takes place. The chalcone is reduced to a dihydrochalcone, and this compound is hydrolyzed to phloroglucinol and a phenylpropionic acid derivative. Phloroglucinol is further degraded to acetate and butyrate. Although the degradation of flavones and flavonols seems to follow the same pathways in C. orbiscindens and E. ramulus, there are some important differences. While no intermediates could be detected during flavonoid transformation by growing cells of E. ramulus (23) , several intermediates accumulated under similar conditions in experiments with C. orbiscindens. Another peculiarity of flavonoid degradation by C. orbiscindens could give some hints as to why bacteria degrade flavonoids at all. Apart from using flavonoids as electron acceptors or to gain additional energy from the degradation of phloroglucinol (6, 17) , bacteria may have to detoxify these compounds. Phloretin, for example, inhibited the growth of C. orbiscindens at higher concentrations and may therefore be toxic to the organism. Apparently, the phloretin hydrolase, which catalyzes the cleavage of phloretin to 3-(4-hydroxyphenyl)propionic acid and phloroglucinol (unpublished results), is the bottleneck in the transformation of the flavone apigenin, as phloretin accumulated to comparatively high concentrations in the medium. This accumulation may be due to a very low phloretin hydrolase activity in C. orbiscindens and may also explain the growth inhibition by phloretin. C. orbiscindens may not be able to detoxify the compound in time, in contrast to E. ramulus, which was not inhibited at higher concentrations of phloretin (23) . Antibacterial effects of flavonoids have been observed previously. Quercetin, myricetin, and morin inhibit the growth of Bacillus cereus, Bacillus subtilis, Bacillus mycoides, and Staphylococcus aureus (10) . More recently, several bacterial strains were tested for their sensitivity to various flavonoids. The tested flavonoids showed antibacterial activity, but the intensity of the inhibitory effect was variable and dependent on the bacterial strain tested. Apigenin, for example, inhibited the growth of Pseudomonas mirabilis, Pseudomonas aeruginosa, Salmonella enterica serovar Typhi, Escherichia coli, Enterobacter aerogenes, Enterobacter cloacae, and Klebsiella pneumoniae (2) .
Degradation of flavonoid glycosides and isoflavones by C. orbiscindens. C. orbiscindens I2 did not convert flavonoid glycosides such as luteolin-3-glucoside, luteolin-5-glucoside, naringenin-7-neohesperidoside (naringin), quercetin-3-glucoside, quercetin-3-rutinoside (rutin), and phloretin-2Ј-glucoside. This fact is not surprising, as C. orbiscindens has already been described by Winter et al. as an asaccharolytic organism (30, 31) . Therefore, C. orbiscindens is dependent on the deglycosylating activities of human tissues such as the small intestine and liver (19) and bacteria such as E. ramulus, Enterococcus casseliflavus (24) , and Bacteroides sp. (4) for flavonoid degradation. In contrast to E. ramulus, Enterococcus cassiflavus and Bacteroides sp. deglycosylate the flavonoid only to take advantage of the sugar moieties. The aglycon is not used any further by these species and becomes available for organisms such as C. orbiscindens.
C. orbiscindens I2 also did not degrade the isoflavones daidzein and genistein (Fig. 5) . In contrast, E. ramulus wK1 is able to convert the two isoflavones (27) . It can therefore be deduced that the enzymes involved in isoflavone transformation are different from the ones involved in flavone or flavonol degradation.
Prevalence of C. orbiscindens. The species-specific probe C.orb0179 was developed and applied to human fecal samples in order to estimate the prevalence of C. orbiscindens in the human intestinal tract. C. orbiscindens was detected in the feces of 8 out of the 10 subjects tested. The cell numbers ranged from 1.87 ϫ 10 8 to 2.50 ϫ 10 9 cells g of dry feces Ϫ1 , corresponding to a mean count of 4.40 ϫ 10 8 cells g of dry feces
Ϫ1 . Total numbers of bacterial cells detected by whole-cell in situ hybridization using the Bacteria-specific probe mixture were in the range of 3.80 ϫ 10 11 to 1.27 ϫ 10 12 cells g of dry feces Ϫ1 . The numbers determined for C. orbiscindens are equivalent to 0.12% of the total number of fecal bacteria.
For comparison, dilutions of a fecal sample were spread on agar plates with quercetin-containing membranes prepared for the quenching test. The fluorescent spots considered as resulting from quercetin degraders were enumerated. The mean count was 5.1 ϫ 10 8 cells g of wet feces Ϫ1 . Taking a factor of 3 for the conversion of wet weight to dry weight, the calculated number of 1.5 ϫ 10 9 cells g of dry feces Ϫ1 is within the range of cell counts determined by whole-cell in situ hybridization in fecal samples of the 10 subjects described above. Since all quercetin-degrading clones isolated from the plates were identified as C. orbiscindens, it might be concluded that all C. orbiscindens cells detected by whole-cell in situ hybridization are capable of quercetin degradation.
In parallel, the cell counts of E. ramulus were determined with whole-cell in situ hybridization of the same set of fecal samples (13) . E. ramulus was detected in the feces of 6 out of 10 subjects at a mean concentration of 3.16 ϫ 10 8 cells g of dry feces Ϫ1 . These numbers account for 0.04% of all fecal bacteria and are comparable to the cell counts of C. orbiscindens determined herein. Considering all these results together, C. orbiscindens may be as important as E. ramulus for flavonoid degradation in the human intestinal tract. 
